The breast tumor associated gene-1 (BRCA1) and poly(ADP-ribose) polymerase-1 (PARP1) are both involved in DNA-damage response and DNA-damage repair. Recent investigations have suggested that inhibition of PARP1 represents a promising chemopreventive/therapeutic approach for specifically treating BRCA1-and BRCA2-associated breast cancer. However, studies in mouse models reveal that Parp1-null mutation results in genetic instability and mammary tumor formation, casting significant doubt on the safety of PARP1 inhibition as a therapy for the breast cancer. To study the genetic interactions between Brca1 and Parp1, we interbred mice carrying a heterozygous deletion of full-length Brca1 (Brca1 þ /D11 ) with Parp1-null mice. We show that Brca1 D11/D11 ;Parp1 À/À embryos die before embryonic (E) day 6.5, whereas Brca1 D11/D11 embryos die after E12.5, indicating that absence of Parp1 dramatically accelerates lethality caused by Brca1 deficiency. Surprisingly, haploinsufficiency of Parp1 in Brca1 D11/D11 embryos induces a severe chromosome aberrations, centrosome amplification, and telomere dysfunction, leading to apoptosis and accelerated embryonic lethality. Notably, telomere shortening in Brca1 D11/D11 ;Parp1 þ /À MEFs was correlated with decreased expression of Ku70, which plays an important role in telomere maintenance. Thus, haploid loss of Parp1 is sufficient to induce lethality of Brca1-deficient cells, suggesting that partial inhibition of PARP1 may represent a practical chemopreventive/therapeutic approach for BRCA1-associated breast cancer.
The breast tumor associated gene-1 (BRCA1) and poly(ADP-ribose) polymerase-1 (PARP1) are both involved in DNA-damage response and DNA-damage repair. Recent investigations have suggested that inhibition of PARP1 represents a promising chemopreventive/therapeutic approach for specifically treating BRCA1-and BRCA2-associated breast cancer. However, studies in mouse models reveal that Parp1-null mutation results in genetic instability and mammary tumor formation, casting significant doubt on the safety of PARP1 inhibition as a therapy for the breast cancer. To study the genetic interactions between Brca1 and Parp1, we interbred mice carrying a heterozygous deletion of full-length Brca1 (Brca1 þ /D11 ) with Parp1-null mice. We show that Brca1 D11/D11 ;Parp1 À/À embryos die before embryonic (E) day 6.5, whereas Brca1 D11/D11 embryos die after E12.5, indicating that absence of Parp1 dramatically accelerates lethality caused by Brca1 deficiency. Surprisingly, haploinsufficiency of Parp1 in Brca1 D11/D11 embryos induces a severe chromosome aberrations, centrosome amplification, and telomere dysfunction, leading to apoptosis and accelerated embryonic lethality. Notably, telomere shortening in Brca1 D11/D11 ;Parp1 þ /À MEFs was correlated with decreased expression of Ku70, which plays an important role in telomere maintenance. Thus, haploid loss of Parp1 is sufficient to induce lethality of Brca1-deficient cells, suggesting that partial inhibition of PARP1 may represent a practical chemopreventive/therapeutic approach for BRCA1-associated breast cancer. ). Mounting evidence reveal that BRCA1 plays an essential role in many biological processes, including transcriptional activation and repression, cell cycle regulation, chromatin remodeling, DNAdamage repair, centrosome duplication, and protein transportation (reviewed in {Deng 2 , #7399}). Consistently, loss of BRCA1/Brca1 in both the human and mouse results in defective DNA-damage repair, abnormal centrosome duplication, impaired homologous recombination (HR), defective cell cycle checkpoints, growth retardation, increased apoptosis, genetic instability, and tumorigenesis (reviewed in Deng 2, 3 ). Owing to their impaired ability to undergo HR, BRCA1-deficient cells cannot effectively repair HR-mediated DNA damage, such as DNA double-strand breaks (DSBs). 4, 5 Defective DNA-damage repair may also make BRCA1-deficient cancer cells more sensitive to DNA-damaging agents, such as irradiation, mitomycin C and adriamycin. 4, [6] [7] [8] Thus, one of the therapeutic approaches against BRCA1-deficient cancer cells is treating these cells with DNAdamaging-agents to introduce acute DNA damage. Several recent studies indicated that inhibitors for poly(ADP-ribose) polymerase-1 (PARP1) could kill precancerous BRCA1-deficient cells with high specificity.
9-11 PARP1 inhibitors could also efficiently kill several tested cell lines that are derived from human breast cancers or murine mammary tumors. 11, 12 PARP1 is an abundant nuclear protein found in most eukaryotes. 13 It binds to DNA strand breaks and concomitantly synthesizes oligo-or poly(ADP-ribose) chains that are covalently coupled to various acceptor proteins by transfer of ADP-ribose units from NAD þ . PARP1 is also involved in DNA-break sensing and signaling when single-strand break (SSB) repair or base excision repair pathways are engaged. 14 Inhibition of PARP1 activity may result in formation of DSBs when unrepaired SSBs meet replication forks.
14 Because BRCA1 mutant cells cannot repair DNA DSBs properly, PARP1 inhibition may result in accumulation of DSBs and illegitimated DNA end joining, consequently leading to growth arrest and apoptosis. This may account for the molecular basis why BRCA1-deficient cells are extremely sensitive to PARP1 inhibition.
Murine Parp1 has been disrupted by gene targeting.
15
Parp1-deficient mice develop normally; however, they suffer spontaneous tumors in multiple organs, including the mammary gland, at low frequencies. 16, 17 Parp1 À/À mice are susceptible to chemical carcinogen-induced tumors with increased frequencies.
18 Parp1 deficiency also induces high levels of aneuploidy, chromosomal fragmentation and fusion as well as chromosome loss and gain. 19 Consistent with a role of PARP1 in maintaining genetic stability, the absence of p53 or Ku80 significantly enhances tumor formation. 16, 17 These data suggest that PARP1 may serve as a tumor suppressor in mammalian cells and that long-term inhibition of PARP1 may cause, rather than inhibit, breast cancer formation.
In this study, we investigated the genetic interaction between Brca1 and Parp1 through interbreeding Brca1 D11/D11 20 and Parp1 À/À15 mice generated previously. Our analysis indicates that haploid loss of Parp1 is sufficient to induce apoptosis and inhibit Brca1 mutant cell growth. Our data not only uncover extensive genetic interactions between Brca1 and Parp1 in DNA-damage repair, centrosome duplication, and telomere maintenance, but also suggest that partial inhibition of PARP1 in a combination with other drugs may serve as effective chemopreventive and therapeutic approaches for BRCA1-associated cancers.
Results

Parp1 deficiency accelerates embryonic lethality of Brca1
D11/D11
embryos. To study genetic interactions between Brca1 and Parp1, we crossed Brca1 þ /D11 and Parp1 þ /À mice. Previous investigations showed that the majority of Brca1 D11/D11 embryos died before birth, 20 whereas Parp1 À/À mice survived to adulthood displaying no obvious developmental defects. 15 Our data indicated that animals double heterozygous for Brca1 and Parp1 mutations were indistinguishable from wild-type controls. However, no Brca1 D11/D11 ;Parp1 À/À mice were found among 535 offspring generated from crosses between Brca1 þ /D11 ;Parp1 (Table 1 ), these data indicated that the absence of Parp1 accelerated lethality of Brca1 D11/D11 embryos. Next, we studied the Brca1 D11/D11 ;Parp1 þ /À embryos and found that they all were significantly smaller than the controls (Figure 1a ). Our analysis indicates that although many Brca1 D11/D11 embryos were smaller than wild-type littermates, their development was relatively normal and they did not die until after E12.5 (Table 1 and not shown). In contrast, we also failed to find any Brca1 D11/D11 ;Parp1 þ /À embryos that were older than E15.5 (Table 1) . Moreover, about 33% (8/24) Brca1 D11/D11 ;Parp1 þ /À embryos exhibited exencephaly because of failed closure of the anterior neural tube (Figure 1b ), whereas about 10% Brca1 D11/D11 embryos exhibited a similar defect (not shown). Our previous investigation showed that about 1-2% of the Brca1 D11/D11 mice survived to adulthood, [20] [21] [22] whereas no Brca1
;Parp1 À/À and Brca1
; Parp1 þ /À mice were found in 535 offspring generated from our crosses ( Table 1 ). These observations indicate that the absence or haploid loss of Parp1 accelerates embryonic lethality caused by the Brca1 D11/D11 mutation.
Brca1
D11/D11 ;Parp1
embryos exhibited increased apoptosis. To determine whether altered cell death is responsible for developmental delay and the failure to close neural tubes observed in Brca1 D11/D11 ;Parp1 þ /À embryos, we analyzed E9.5. Embryos using terminal transferase dUTP nick end labeling (TUNEL) assay. Our analysis revealed significantly higher rates of apoptosis in the neuroepithelium of the entire neural tube of Brca1 D11/D11 ;Parp1 þ /À embryos compared with that of control embryos (Figure 1b-f ). TUNEL assay of the brains indicated that about 35% of Brca1
, and 2.5% of wild-type cells were apoptotic. In contrast, proliferation analysis using bromodeoxyuridine (BrdU) incorporation revealed no significant differences in E9.5 embryos of all different genotypes. These observations suggest that the primary cause of the failure of neural tube closure of the 
D11/D11 ;Parp1 þ /À embryos is apoptosis. To study this further, we isolated mouse embryonic fibroblasts (MEFs) from E14.5 embryos with the following genotypes: Brca1
, Parp1 þ /À , and wild type. We found that Brca1 D11/D11 cells grew poorly; with the removal of one Parp1 allele (Brca1
), their growth was even poorer (Figure 1g ). These results indicate that absence of one allele of Parp1 synergistically increased apoptosis and eventually resulted in the lethality of Brca1 D11/D11 embryos.
Haploid loss of Parp1 and Brca1 deficiency synergistically induce genetic instability. We have shown previously that Brca1 mutant cells exhibited nonclonal accumulations of chromosome aberrations, including chromosome and chromatid breakage. 8, 23, 24 To determine whether this chromosome abnormality is enhanced by absence of one allele of Parp1 in Brca1
MEF cells, we studied the chromosomes of Brca1 D11/D11 ; Parp1 þ /À MEFs by spectral karyotyping analysis (SKY). To minimize the effects from continuous cell culture, we performed SKY on MEFs at passage 1. Our data indicated that nearly all wild-type MEFs (98%) had a normal karyotype (Figure 2d ). Notably, we found that 25% of Brca1 D11/D11 metaphase cells exhibited quadriradial structures in Giemsa-stained chromosome spreads (Figure 2e and f) . With the loss of one allele of wild-type Parp1, this lesion increased to about 60% (Brca1 (Figure 2f) . These observations directly demonstrate that Parp1 haploinsufficiency and Brca1 deficiency synergistically accelerate genetic instability through triggering numerical and structural chromosomal abnormalities.
Haploid loss of Parp1 and Brca1 deficiency synergistically induce centrosome amplification. Previous studies revealed that Brca1
D11/D11
MEFs exhibited centrosome amplification. 8, 22 To determine whether this 
) embryos. Two cell lines of each genotype are shown abnormality is enhanced by Parp1 haploinsufficiency, we analyzed centrosomes using passage 2 MEF cells of various genotypes. We detected centrosome amplification in Brca1 D11/D11 , Parp1 À/À, and Brca1 D11/D11 ;Parp1 þ /À cells (Figure 3a-h ). Quantitative counting indicated that about 40% of Brca1 D11/D11 ;Parp1 þ /À MEF cells contained more than two centrosomes per nucleus, in contrast to about 25% of Brca1 D11/D11 and 7% of the Parp1 þ /À MEF cells, respectively (Figure 3i ). This observation indicates that absence of one allele of Parp1 synergistically induces centrosome amplification in Brca1-deficient cells. Our data also revealed centrosome amplification in about 25% of Parp1 À/À MEFs. This observation is consistent with a previous finding that absence of Parp1 causes centrosome hyperamplification, 25 and it provides a basis for the elevated centrosome number in the Brca1 D11/D11 ;Parp1 þ /À MEF.
Multiple centrosomes could cause multipolar spindle formation, leading to unequal chromosome segregation, and therefore aneuploidy. Consistent with this, we found about
cells and 10% of Parp1 þ /À MEFs at passage 2 were aneuploid. In contrast, less than 5% of aneuploid metaphases were observed in wild-type cells. These observations support the view that faithful segregation of centrosomes is essential in maintaining genome integrity, although other factors may also contribute to genetic stability. showed telomere shortening. 26 T cells derived from Brca1-deficient mice display telomere dysfunction characterized by both loss of telomere repeats and defective telomere capping. 27 This suggests that loss of telomere integrity owing to Brca1 deficiency might contribute to chromosome end dysfunction and permit the formation of potentially oncogenic translocations. By contrast, it has also been reported that disruption of BRCA1 function results in telomere elongation. 28 On the other hand, our previous study on lymphomas derived from Brca1 D11/D11 ;p53 þ /À mice detected no changes in telomere length. 29 However, telomere length in Brca1 mutant MEF cells had not been studied. Therefore, we performed quantitative fluorescence in situ hybridization (Q-FISH) on metaphase chromosomes of primary MEFs of various genotypes derived from breeding of Brca1 (Figure 4c) , a rare abnormality that may be caused by uncoupling of chromosome duplication and cell division followed by pairing of homologous chromosomes.
Haploid loss of Parp1 in Brca1 mutant cells decreases expression of Ku70. We next used a candidate gene approach to check expression of genes that are involved in telomere metabolism. Among a number of candidate genes examined by Western blot analysis, we found that expression of Ku70, which plays an essential role in non-homologous end-joining, telomere maintenance and apoptosis, 30 was at lower levels in Brca1 D11/D11 ;Parp1 þ /À embryos than in embryos with other genotypes (wild-type, Brca1 D11/D11 or Parp1 þ /À ) (Figure 4e ). This result suggests that haploid loss of Parp1 in Brca1 D11/D11 cells caused downregulation of Ku70. To investigate this further, we performed small interfering RNA (siRNA)-mediated acute suppression of Brca1 in Parp1 þ /À cells and compared their Ku70 levels with control cells. Our data indicate that transfection with a Brca1-specific siRNA, but not a control siRNA, results in reduced levels of Ku70 (Figure 4f ). We have also performed the same experiment using Brca1 þ /D11 ;Parp1 þ /À cells and found that Brca1-specific siRNA decreased Ku70 more significantly in these cells (Figure 4g ) than in Parp1 þ /À cells (Figure 4f) , perhaps owing to a more efficient knockdown of Brca1 in cells that are already heterozygous for Brca1 mutation. These observations provide strong evidence that Brca1 deficiency and Parp1 haploinsufficiency can cause significant downregulation of Ku70, which is accompanied by telomere shortening, genetic instability, and apoptosis.
Discussion
We have studied the genetic interactions between Brca1 and Parp1. Our data indicate that Brca1 D11/D11 embryos are extremely sensitive to Parp1 deficiency, as reflected by much earlier embryonic lethality of Brca1 D11/D11 ;Parp1 À/À embryos than Brca1 D11/D11 embryos. Brca1 mutant embryos missing only one copy of Parp1 also exhibit severe chromosomal aberrations, centrosome amplification, and telomere dysfunction, which triggers a high incidence of apoptosis and accelerated embryonic lethality. These data indicate that Brca1 and Parp1 work synergistically in maintaining genetic stability. Previous investigations revealed that BRCA1 plays essential functions in multiple types of DNA-damage repair, including DSB repair, non-homologous end joining, and nucleotide excision repair (reviewed in Xu 5 ). The absence of , and Brca1
D11/D11
;Parp1 þ /À cells BRCA1, therefore, results in accumulation of chromosome damage, cell cycle dysfunction and apoptosis, leading to developmental abnormalities, premature aging, and tumorigenesis. 2, 5, 21, 31 However, PARP1 is primarily involved in repairing SSBs in DNA. These SSBs, when they meet replication forks, result in the formation of DSBs, which cannot be repaired efficiently in cells that lack functional BRCA1. This may account for the reason why Brca1 D11/D11 embryos are extremely sensitive to Parp1 deficiency triggering embryonic lethality. In contrast, our finding that Brca1 D11/D11 ;Parp1 þ /À embryos also exhibited extensive genetic instability, reflecting a dosage-dependent effect of Parp1 in repairing SSBs, although such a reduced ability to repair SSBs in Parp1 þ /À cells does not cause any apparent problems until Brca1 is also mutated. Brca1 D11/D11 ;Parp1 þ /À cells also exhibited marked telomere shortening, which may not be simply attributed to the impaired DNA-damage repair ability in these cells. Instead, these data suggest that Brca1 and Parp1 may play a role in a common pathway maintaining the telomere. Telomeres are tracts of repetitive DNA at each chromosome end and their main function is to prevent chromosome fusion during mitosis thereby stabilizing the genome. Recent studies implicated both BRCA1 and PARP1 in telomere maintenance and function, yet the actual role of BRCA1 remains controversial. 27, 32, 33 It has been shown that BRCA1 inhibits the expression of hTERT, the catalytic subunit of telomerase; therefore expression of wild-type BRCA1, but not a tumorassociated mutant BRCA1 (T300G), caused telomere shortening in human prostate and breast cancer cell lines. 33 In contrast, it was shown in mouse T cells that Brca1 deficiency results in telomere shortening that is characterized by the loss of telomere repeats and defective telomere capping. 27 A recent study indicated that telomere status associated with BRCA1 might vary according to different type of cells. French et al. 28 indicated that disruption of BRCA1 using a dominantnegative mutant form of BRCA1 (trBRCA1) in telomerasepositive mammary epithelial cells resulted in an increase in telomere length, whereas overexpression the same construct in GM847, a cell line derived from malignant T cells, did not induce any change in telomere length. This report is consistent with our previous finding that loss of Brca1 in Tcell lymphoma did not have an apparent impact on telomere length. 29 Although it is unclear why BRCA1 deficiency in different types of cells has opposite consequences on telomere length, it is known that BRCA1 binds to a number of factors that may have distinct functions in telomere maintenance. For example, BRCA1 interacts with both telomeric repeat binding factor 1 (TRF1) and TRF2, which bind double-stranded telomeric DNA and regulates telomere length. 28 By expressing mutant versions of these proteins, it was demonstrated that TRF1 is a negative regulator of telomere length, whereas TRF2 plays an essential role in protecting telomeric integrity. 34 In the MEF cells we studied here, the absence of Brca1 alone does not affect telomere length. However, Brca1 D11/D11 ;Parp1 þ /À MEFs displayed telomere shortening and chromosome end fusion that is accompanied by reduced levels of Ku70. Furthermore, Parp1 þ /À MEF cells which carry an acute suppression of Brca1 also exhibit reduced protein levels of Ku70, suggesting that the reduction of Ku70 is not a secondary consequence owing to the effects of prolonged culture. Thus, our study reveals a synergistic function of Brca1 and Parp1 in maintaining telomeres through modulating expression of Ku70, which forms a complex with Ku80 and localizes to the telomere. 30, 32 Of note, previous investigations revealed physical or genetic interactions between PARP1 and a number of important molecules, including Ku70/80, 16 DNA-Pkcs, 35 p53, 17 and Parp1-Wrn. 36 Consistent with these interactions, the absence or inhibition of each of these genes in PARP1 mutant mice or mutant cells synergistically enhanced cell death, developmental abnormalities, DNA-damage repair deficiency, genetic instability, and/or tumorigenesis. Our finding revealing the genetic interaction between BRCA1 and PARP1 underscores an important role of BRCA1, PARP1 and their interacting proteins in these processes.
On the basis of the synergistic role of BRCA1 and PARP1 in DNA-damage repair, recent studies suggest PARP1 inhibition as a very promising targeted therapy for BRCA1/2-associated breast cancers. It was demonstrated that PARP-1 inhibitors kill BRCA1/2-deficient cells with extremely high efficiency, whereas the BRCA wild-type cells are relatively nonresponsive to the treatment. 9, 10 Our recent studies have confirmed that PARP1 inhibitors kill Brca1 mutant cells at premalignant stages with high specificity. However, such killing is not obvious in cancer cells because further genetic alteration occurred during tumorigenesis that renders the Brca1-/-resistant to Parp1 inhibition. 11 On the basis of this finding, we proposed that PARP1 inhibitors may be useful for chemoprevention; however, a combination of other therapeutic drugs may be needed for therapeutic treatment of breast cancers. 12 It is generally believed that PARP1 inhibitors are safe drugs for cancer treatment because Parp1-deficient mice are normal. However, a previous investigation revealed that although PARP1 deficiency does not affect normal development in mice, Parp1 À/À ;p53 þ /À mutant mice suffered high frequencies of several types of tumors, including mammary, prostate, and lung cancers, squamous cell carcinoma, ependymoma, lymphoma, and sarcoma. The mammary glands of both Parp1 À/À ;p53 þ /À and Parp1 À/À ;p53 À/À mice are normal; however, nine out of 17 Parp1
þ /À females developed mammary adenocarcinoma by the age of 20 months, whereas Parp1 À/À ;p53 À/À female mice exhibit a high frequency of preneoplastic lesions during early postnatal stages of life. 17 These observations indicated that a complete and prolonged inhibition of PARP1 might cause severe consequences, including breast cancer development. Our finding that haploinsufficiency of Parp1 sensitizes Brca1 D11/D11 cells to cellular lethality is very important in this aspect. It suggests that there is no need to completely inhibit Parp1 to achieve cell death. Thus, haploid loss of Parp1 is sufficient to induce lethality of Brca1-deficient cells, suggesting that partial inhibition of PARP1 may represent a practical chemopreventive/therapeutic approach for BRCA1-associated breast cancer.
Materials and methods
Mice. Maintaining and genotyping of Brca1 þ /D11 and Parp1 þ /À mutant mice were as described. 15, 20 These mice were crossed to generate Brca1 and Parp1 double heterozygous mice, which were further crossed to generate embryos with various genotypes. The background is a mix of 129SVEV, B6C57, and Black Swiss at an approximately 1 : 1 : 1 ratio. All experiments were approved by the Animal Care and Use Committee of National Institute of Diabetes, Digestive and Kidney Diseases (ACUC, NIDDK).
Cell cultures and treatments. Primary MEFs were obtained from E14.5 embryos using a standard procedure. The MEFs were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum and glutamine. For siRNA transfection, we plated 2.5 Â 10 5 cells onto a 60-mm dish 1 day before transfection. SiRNA specific for Brca1 (Made by Dharmacon Research, Lafayette, USA) and control siRNA (made by NIDDK) at a concentration of 0.36 mM were transfected into MEF cells at passage 2 using oligofectamine as described. Apoptosis and proliferation analysis. Sections from E9.5 to E12.5 were analyzed for apoptosis using the ApoTag kit (Intergen Co., Purchase, NY, USA) as recommended by the manufacturer. To evaluate cell proliferation rates, BrdU incorporation was measured using a cell proliferation kit (Amersham Biosciences) following the manufacturer's directions.
MEFs preparation, centrosome staining, and chromosome spread. Primary MEFs were obtained from E14.5 embryos using a standard procedure. Staining for centrosomes in MEFs grown on chamber slides (Falcon, Los Angeles, USA) was performed as described. 8 Chromosome spread was performed as described. 37 Briefly, the MEFs were incubated with colcemid (0.1 mg/ml) at 371C for 1 h. Then cells were trypsinized and resuspended gently in 0.56% KCl, and incubated at 371C for 10 min. The cells were then fixed in a 3 : 1 mixture of methanol acetic acid, dropped across the surface of a slide. Then, cells were spread and allowed to dry on the surface followed by Giemsa (Sigma, Milwaukee, USA) staining.
Western blot analysis. Western blot analysis was accomplished according to standard procedures by ECL detection (Amersham Biosciences, Piscataway, USA). Blots were probed with primary antibody Ku-70 (Santa Cruz Biotechnology, Santa Cruz, USA) followed by b-actin as a loading control. Peroxidase-labeled goat antirabbit IgG (H þ L) and goat anti-mouse IgG (H þ L) antibody (Kirkegarrd & Perry Laboratories, Gaithersburg, USA) were used as secondary antibodies, developed with ECL detection system.
Q-FISH.
Telomere Q-FISH with a telomere probe was performed on chromosome spreads, as described previously. 38 Telomeres were denatured at 801C for 3 min and hybridized with Cy3-labeled (CCCTAA) 3 peptide nucleic acid probe (DAKO Corporation, Capinteria, USA), washed and mounted in Vectashield mounting medium mixed with 0.5 mg/ml 4'-6-diamidino-2-phenylindole (DAPI). Telomeres were detected using a Cy3 filter with a Zeiss fluorescence microscope (Carl Zeiss Meditec, Dublin, USA) and images were captured by an AxioCam using AxioVision 3.0 software. Telomere fluorescence intensity was integrated for quantitative measurement of relative telomere length using the TFL-TELO program, 39 kindly provided by P Lansdorp, and calibrated with fluorescence beads.
SKY analysis. Spectral karyotyping was performed as described. 40 Briefly, flow sorted normal mouse chromosomes were labeled with specific fluorochromes or fuorochrome combinations. After in situ hybridization images were acquired using an epifuorescence microscope (DMRXA, Leica, Germany) connected to an imaging interferometer (SD200, Applied Spectral Imaging, Israel). Chromosomes were unambiguously identified using a spectral classification algorithm that results in the assignment of a separate classification color to all pixels with identical spectra. Six to 10 metaphases were analyzed for each tumor.
